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Abstract  
This report describes a review of the Queensland 
University of Technology’s Wire on Capstan test 
apparatus. The purpose of the rig was to evaluate 
the performance of liquid lubricants (particularly 
those containing Friction Modifying Additives) 
under the mixed and boundary lubrication 
regimes. However, initial testing of various oils 
caused confusion since fluid film lubrication was 
indicated as being the predominant mode despite 
large wear scars being noticed on the test wires. 
Repeatability of results was  an ongoing issue. It 
was concluded that further modification of the rig 
was required before it could be used for its 
originally specified purpose of evaluating liquid 
lubricants under the mixed and boundary 
lubrication regimes. 
1. INTRODUCTION 
This paper describes an investigation into the Wire 
on Capstan (WOC) test apparatus at the 
Queensland University of Technology (QUT). 
Initial design and commissioning of the rig was 
performed by Tang (2003). Further testing was 
then conducted by Heng (2004). The reason for the 
investigation was that the test results achieved 
from the WOC rig seemed to be inconsistent with 
theoretical expectations. 
 
The results suggested that fluid film lubrication 
was the predominant lubrication mode between the 
wire and capstan. This was however contradicted 
by the observation of wear regions on the test 
wires. In response to this, a series of experiments 
were performed to attempt to understand the 
reason for the conflicting results. Additional 
aspects of the WOC rig and test method were also 
investigated in an attempt to ascertain useful 
performance data for the test oils. 
1.1. Description of the WOC test 
apparatus 
Friction Modifying Additives (FMAs) are 
commonly added to engine and transmission oils to 
increase fuel consumption efficiency.  
 
A new test apparatus was devised by Lacey et al 
(2001) to evaluate the friction modifiers in engine 
oils. This device involved measuring the force 
needed to restrain a wire wrapped several times 
around a rotating capstan. Depending on the 
frictional properties of the lubricant interposed 
between the wire and capstan, different frictional 
forces were measured. The fundamental difference 
of this test apparatus is its ability to produce high 
frictional forces from a low contact stress. This 
arrangement is ideal for the effective functioning 
of friction modifiers and thus a more accurate 
evaluation can be made. 
 
The QUT WOC rig was based on the rig described 
by Lacey et al (2001) (Figure 1). A weight is used 
to produce tension on the trailing end of the wire. 
The tension on the leading end is measured using a 
load cell. The test lubricant is carried around the 
circumference of contact by the rotation of the 
capstan. Data obtained from the load cell allows 
the friction characteristics of the test lubricant to be 
evaluated. 
 
 
Figure 1: Schematic of the QUT WOC test 
apparatus 
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1.2. The WOC Problem 
Heng (2004) and Tang’s (2003) tests results 
indicated that fluid film lubrication was the 
predominant mode of lubrication between the wire 
and the capstan. This was assumed to be taking 
place since the coefficient of friction decreased as 
the lubricant viscosity decreased (i.e. the 
temperature of the lubricant was increased). 
Results for tests carried out by Heng (2004) on a 
variety of oils can be seen in Figure 2. When a 
Stribeck curve is observed (refer to Figure 3), it 
can be seen that the combined case of viscosity and 
friction reduction is achieved under fluid film 
lubrication. 
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Figure 2: Friction coefficients for various oils 
operating at a range of temperatures – all 
proprietary oils are hydraulic oils (Heng, 2004) 
* vegetable based oil 
** mineral based oil 
 
The assertion that fluid film lubrication was the 
predominant mode during the tests was however 
contradicted by the presence of large wear patterns 
occurring on the wire after each test. This 
prompted an investigation to attempt to gain an 
understanding of what was causing the conflicting 
results that were being obtained from the WOC rig. 
 
After conducting tests using the same method 
employed by both Heng (2004) and Tang (2003), 
post test analysis was performed on the oil samples 
that were used in the pre-run and in the test. 
Stainless steel shavings (from the wire) that were 
present in the oil were found. Visual inspection 
showed that the major volume of the wear particles 
were contained in the oil from the pre-run. 
 
 
Figure 3: Schematic of a basic Stribeck curve. 
 
To understand when this wear was occurring, the 
data traces from two individual tests can be 
observed (refer to Figure 4). The data trace begins 
with a 15 minute pre-run phase (indicated between 
the crosses). The pre-runs were performed at 
ambient temperature, using three wire wraps about 
the capstan and a load of approximately 1N. The 
capstan velocity was held constant at 200 RPM. If 
no wear were to occur during the pre-run, it would 
be expected that the measured coefficient of 
friction would be constant (i.e. there is no change 
in contact geometry between the wire and capstan). 
However data shows that this is not the case. A 
sharp increase in the friction coefficient can be 
seen in approximately the first three minutes. The 
remainder of the data indicates less rapid change in 
friction. 
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Figure 4: The data trace from a test using the 
same method as Heng (2004) and Tang (2003). 
The markers along the trace show when the 
indicated temperature was achieved. The 
coefficient of friction can be noted to decrease 
with increasing temperature. 
 
To gain a better understanding of why this wear is 
occurring, the test parameters must be reviewed. 
Heng (2004) and Tang (2003) conducted the tests 
with the following parameters: 
• capstan diameter of 49 mm 
• capstan speed of 200 RPM (corresponds to 
a sliding velocity of 51.3 cm/s) 
• applied load of approximately 1N 
• three wire wraps around the capstan 
 
These parameters were chosen by Tang (2003), 
Velocity x Viscosity / Load (U η / p) 
Friction 
coefficient 
(µ) 
Fluid film 
lubrication 
Mixed 
lubrication 
Boundary 
lubrication 
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who performed the initial design and 
commissioning of the rig. The reason for choosing 
the above parameters was that the rig was designed 
with respect to another WOC rig, whose 
specifications were described in a technical paper 
by Lacey et al (2001). This reference to literature 
was a logical step in designing the QUT rig. 
However, a fundamental difference between the 
two rigs remained. Lacey et al (2001) used a 
1.58mm wide flexible braided 316 stainless steel 
ribbon wire. The QUT WOC on the other hand was 
run with a 1.58mm diameter 304 stainless steel 
wire. This causes a large difference in contact 
geometry between the wire and capstan for the two 
respective rigs (refer to Figure 5). The variation in 
wire selection thus creates two very different sets 
of test conditions despite the fact that all other 
parameters are identical. 
 
 
Figure 5: Schematic showing the difference in 
contact geometry between the wire and the 
ribbon. 
 
The contact pressure is much higher for the QUT 
WOC. Pressure ranges of 30 to 200MPa are 
predicted whereas Lacey et al (2001) estimated 2 
to 20MPa depending on test conditions. The aim of 
the WOC test rig is to produce high friction forces 
from low contact pressures (Lacey et al, 2001). 
This is definitely not the case for the QUT WOC 
apparatus. 
 
The wear on the wire was most prevalent at the 
leading edge of the wire and the least prevalent at 
the trailing edge. This corresponds with the theory 
that the contact pressure follows the same trend. 
From the test previously discussed, the typical 
width of a wear scar at the leading edge was 
approximately 28% of the wire diameter. 
 
The results from the test (refer to Figure 4) show 
that fluid film lubrication is the pre-dominant 
mode of lubrication. This is evident since a 
reduction in viscosity and friction is generally only 
achieved under fluid film lubrication. It must be 
noted however, that although the results indicate 
fluid film lubrication, other modes of lubrication 
were most likely present along the contact length 
of the wire. The reason this is suspected is due to 
the large variation in contact pressure and 
geometry along the contact length. Shavings 
(indicating wear) were also detected in the oil used 
for the friction measuring component of the test. 
1.3. Tests Performed 
The significance of the dilemma discussed in the 
previous section (i.e. the occurrence of wear and 
fluid film lubrication) is that the WOC rig was 
desired to run in the mixed and boundary 
lubrication regimes. The reason for this was that its 
purpose was to assess the performance of oils 
containing FMAs. The conclusions made in the 
previous section dictate that the WOC, when used 
under the condition described, would not provide 
useful data when comparing FMA effectiveness in 
oils. Hence a series of tests were performed to 
analyse whether modification of the test method 
and parameters could produce useful results. 
 
Previous testing used a constant capstan speed 
while oil temperatures were increased. It was clear 
that an additional test would be required to gain a 
better understanding of the rig. To complement the 
temperature variation test, a velocity variation test 
was included. This idea was taken from a technical 
paper by Tu & Fort (2004). It described testing of a 
nylon fibre rubbing against capstans of aluminium 
and nylon in the presence of various lubricants. 
Tests were performed to obtain Stribeck curves for 
the test lubricants by varying the capstan speed. 
 
Having decided to persevere with using 
temperature and velocity variation tests, further 
considerations had to be made. The test lubricant 
used for the investigatory experiments was 300 SN 
(Solvent Neutral) mineral base oil. Using a base oil 
ensured that the analysis was not complicated by 
the effects that additives such as FMAs would have 
on the data. The parameters that were to be varied 
for the tests were the number of wire wraps about 
the capstan and the applied load. Two load cases 
were used for testing (1N and 0.5N 
approximately). Modifications were also made to 
the test method to investigate other factors which 
may have had an adverse effect on results. 
1.4. Effect of the pre-run 
As was previously mentioned, the pre-run serves to 
create the initial wear of the wire. The purpose of 
this is to minimise wear during the friction 
evaluation, thus reducing adverse effects in the 
data. 
 
Figure 6 shows the results of three velocity tests. 
Each test was conducted using two wire wraps 
about the capstan. Test 6 used 0.5N load while 
Test 7 and Test 8 used 1N. All three tests were 
performed without a pre-run. The effects of this 
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can be seen in the plot.  
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Figure 6: Data for three tests performed by 
varying the capstan speed. The boxes show the 
regions of data that were adversely affected 
when a pre-run was not used. 
 
For Test 6 and Test 7 the velocity was increased 
during the test. Thus it was desired to begin the test 
in the mixed or boundary lubrication regime, and 
follow through to fluid film lubrication by 
increasing the speed (refer to Figure 3). Hence it 
was expected that the friction coefficient would 
decrease for the initial part of the test, reach a 
minimum, and then continue increasing for the 
remainder of the test. Contrary to this, Test 6 and 
Test 7 showed increasing friction in the initial 
stages of the test. A similar effect can be seen with 
Test 8 which was run by decreasing the velocity as 
opposed to increasing it. Thus, a decrease in 
friction was again expected in the initial stages of 
the test, yet this time under the mode of fluid film 
lubrication. Once again, friction forces were 
noticed to initially increase rather than decrease. 
The inconstancy of the data at these initial stages 
of all the tests reveals that wear of the wire was 
occurring. After this occurrence however, the 
remainder of the data seems to follow the Stribeck 
curve. Hence, to achieve a minimal effect of wear 
in the results a pre-run is required. 
 
Having found that a pre-run was necessary, the 
next step was to evaluate its required duration. The 
pre-run was simply required to be long enough for 
the friction reading to have stabilised. To this 
effect, the two load cases (0.5N and 1N with two 
wire wraps) were allowed to run for a longer 
period of time at 200 RPM. Test 11B (load of 
0.5N) became stable earlier than Test 11A (load of 
1N), and also remained more constant throughout 
the duration. From this data it was decided that a 
20 minute pre-run was required for testing when 
using either load case. 
1.5. Effect of the number of wire wraps 
about the capstan 
By observation of the mathematical theory 
describing the wire/capstan interaction 
 
(where T1 is the tension caused by an applied load 
at the end of the wire exiting the capstan (N), T2 is 
the tension in the wire caused by rotation of the 
capstan (N), α is the total angle of contact 
between the wire and the capstan (radians) and µ is 
the Friction coefficient), it can be seen that as the 
angle that the wire subtends around the capstan is 
increased (α), the friction force (T2) increases 
exponentially. In other terms, the number of wraps 
is the amplification factor of the friction force. 
This is the main motivation of applying the wire 
and capstan design for lubricant testing. The design 
is sensitive to small changes in friction, thus a 
greater distinction is made between the respective 
performances of the test oils. 
 
For the case of the QUT WOC (i.e. using a wire 
rather than a ribbon), the exponential increase in 
contact pressure (with increasing wire wraps), 
equates to larger amounts of wear. As is discussed 
in a latter part of this document, wear contributes 
largely to inconsistent test results. It was decided 
that using more than three wraps would not 
increase the WOC rig’s effectiveness.  
 
Using three wire wraps along with the test 
conditions employed by Heng (2004) and Tang 
(2003), was observed to cause large wear scars on 
the wire. In an effort to control the wear, the 
contact angle had to be reduced. However, in doing 
so the friction force amplification would also be 
reduced, limiting the WOC apparatus’s sensitivity 
to changes in friction force. For the tests described 
herein, two wire wraps about the capstan were 
used. This was done in an attempt to reduce wear 
without compromising the WOC rigs sensitivity. 
1.6. Effect of the Applied Load 
The Hertzian contact pressure for a cylinder on a 
flat plane is given as 
 
rR
eETP
2
625.0
1
1
αµ
=             (2) 
 
where P is the Mean Hertzian contact pressure 
between a cylindrical wire and a flat (Pa), E1 is the 
reduced elastic modulus (Pa), R is the radius of the 
αµe
T
T
=
1
2
                             (1) 
A Review of the Wire on Capstan Test Apparatus Hargreaves 
  5 
capstan (m) and r is the radius of the wire (m). 
 
For the tests performed, two load cases were used, 
1N and 0.5N. Observation of the theoretical 
analysis shows that reducing the load by half, 
halves the wire tension (Equation 1) and reduces 
the contact pressure, (Equation 2). Therefore, 
reduction of the applied load would result in less 
wire wear, as with the case of reducing the number 
of wraps. 
 
Two tests were conducted (1N and 0.5N loads). 
Although both traces become steady after a period 
of time, the 1N load case (Test 11A) takes longer 
than the 0.5N case to reach this state (Test 11B). 
The data from Test 11A also contains more 
irregularities (i.e. sudden changes in the data). This 
is attributed to larger amounts of wear caused by 
the higher load, which consequently creates more 
pronounced alterations and inconsistencies in the 
contact geometry. Observation of the test wires 
under a microscope revealed that the 1N load 
produced wear scars that were comparable to those 
of previous tests. The test with 0.5N load however, 
exhibited significantly less wear. It was found that 
the reduced load produced what could be described 
as surface scratches rather than the flat region 
caused by the use of greater loads. 
 
The friction data for two identical velocity 
variation tests performed using the 1N load case 
showed similar trends but quite different 
magnitudes. This problem did not occur when the 
load was reduced to 0.5N. Figure 7 shows the 
results of two velocity tests that used the reduced 
load (Test 13A and Test 13B). In this case the 
results were very closely related. 
 
Temperature variation tests were also performed 
for the two load cases. The results for the 1N load 
were also inconsistent and not repeatable. Contrary 
to this, the two tests that used the reduced load did 
not display such inconsistencies (Test 13C and 
Test 13D, refer to Figure 8). These tests were run 
at 100 RPM to compensate for the further 
reduction in load. Both sets of data behaved like 
the Stribeck curve, with a clear transition from 
fluid film lubrication to mixed lubrication. 
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Figure 7: The data from three velocity variation 
tests. All the tests used a 0.5N load however 
Test 13A and Test 13B used base oil, whereas 
Test 14A used a vegetable based proprietary 
hydraulic oil. 
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Figure 8: The data from three temperature 
variation tests run at a constant capstan speed 
of 100 RPM. All the tests used a 0.5N load 
however Test 13C and Test 13D used 300 SN 
base oil, whereas Test 14B used a vegetable 
based proprietary hydraulic oil. 
 
From the experiments performed using the two 
load cases, it was evident that the application of 
0.5N provided superior results. All the data for this 
load case was found to follow the Stribeck curve in 
nature. However, an offset between the data points 
of the two temperature tests was observed (refer to 
Test 13C and Test13D on Figure 8). The case of 
identical tests producing similar data sets but with 
an offset, was found to be a common occurrence 
with the QUT WOC rig. A suspected cause of this 
problem was the stiffness of the wire. For the loads 
used (i.e. 0.5N and 1N), the wire stiffness caused 
significant curvature in the segment of wire 
between the idler and. 
1.7. Effect of temperature and velocity 
The previous section concluded that for a wire the 
most acceptable test results were achieved with 
two wire wraps and a 0.5N applied load. This 
section discusses the results from the tests that 
used these parameters. Results from tests that were 
run using a proprietary vegetable based hydraulic 
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oil have also been incorporated into the analysis. 
 
Figure 7 shows the results from three velocity 
variation tests, two using 300 SN mineral base oil 
and one using a vegetable based hydraulic oil. All 
three sets of data are essentially incomplete 
Stribeck curves for the lubricants under the test 
conditions. The data clearly shows a reducing 
coefficient of friction with decreasing velocity. 
The rate at which this takes place also decreases as 
the sliding velocity becomes small. This is the 
typical behaviour of fluid film lubrication as it 
moves towards mixed lubrication and subsequently 
boundary lubrication. However, by observation of 
the data it can be seen that there is no evidence of 
the onset of mixed lubrication (i.e. an increase in 
friction at low speeds). The reason for this is that 
the reduced loads that were being used (to control 
wear), moved the lubrication mode towards fluid 
film lubrication. Hence for the applied test 
parameters a capstan speed lower than 10 RPM 
would be required to achieve the mixed and 
boundary modes of lubrication. The QUT WOC rig 
is however limited to a minimum capstan speed of 
10 RPM.  
 
The WOC rig’s repeatability issues do not allow 
for effective comparisons to be made between the 
base oil and the hydraulic oil data for the velocity 
variation tests (refer to Figure 7). Thus, a definite 
reason can not be attributed to the hydraulic oil’s 
lower friction coefficient for sliding speeds below 
10 cm/s. The hydraulic oil would definitely contain 
a variety of additives to improve its performance 
over the 300 SN base oil. However, clear effects of 
FMAs could not be observed, since mixed 
lubrication was not achieved. 
 
Temperature variation tests were also performed 
on the two oils (refer to Figure 8). The results for 
the two tests that used the 300 SN base oil show 
the transition from fluid film lubrication to mixed 
lubrication as the oil temperature is increased (i.e. 
the viscosity is decreased). The test was run at a 
constant capstan speed of 100 RPM in an attempt 
to promote the onset on mixed lubrication at lower 
temperatures. For the 300 SN base oil, mixed 
lubrication was seen to occur at temperatures 
higher than 1200C. Test 13C shows this more 
clearly than Test 13D, where a sudden increase in 
friction for higher temperatures was observed. For 
the temperature range tested (i.e. ambient to 
approximately 1700C) the base oil results did not 
show clear indications of the presence of boundary 
lubrication. This could possibly be achieved by 
further lowering of the capstan speed for 
temperature tests. Achieving boundary lubrication 
by increasing the test’s temperature range was not 
an option due to safety reasons. 
 
The presence of FMAs in the hydraulic oil can be 
readily observed in the temperature variation test 
data (refer to Figure 8). Results for Test 14B show 
that as the friction for the base oil tests begins to 
increase at approximately 1200C, the hydraulic oil 
results continue decreasing. This clearly indicates 
the effect of FMAs on friction in the mixed 
lubrication regime. 
2. Conclusion 
The investigation described herein of the QUT 
WOC rig found that under the initial test 
conditions, valid results for assessing lubricant 
performance under mixed and boundary 
lubrication could not be achieved. Large amounts 
of initial wear during the pre-runs caused a flat to 
form on the wire which promoted fluid film 
lubrication to be the predominant mode. The 
purpose of the WOC rig was to allow the 
comparison of oils that contained FMAs. However, 
under fluid film lubrication these additives have no 
effect on friction. Thus the WOC test parameters 
required adjusting to allow it to perform its 
originally intended tasks. 
 
In order to achieve acceptable results for speed and 
temperature variation tests it was required that the 
contact load between the wire and capstan be 
reduced. This was due to the excessive amount of 
wear that was occurring, which lead to 
inconsistencies in the data. To reduce the wear, the 
applied load was decreased to 0.5N and the 
number of wire wraps about the capstan decreased 
to two. It was also found that a 20 minute pre-run 
at 200 RPM was required to minimise the effects 
of wear on the test results. 
 
With the revised test method and parameters, the 
QUT WOC rig produced reasonable results when 
compared to the relevant theory. Data from 
temperature variation tests was found to 
differentiate between an oil that contained FMAs 
and one that did not. However, the WOC rig’s poor 
repeatability suggests that it is not yet suitable for 
making reliable comparisons between a variety of 
similar products (e.g. a range of vegetable based, 
friction modified hydraulic oils). Hence the next 
step in development is to ensure that repeatable 
results can be achieved. This would allow the QUT 
WOC rig to be fully exploited for the purpose it 
was originally designed for. 
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